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SUMMARY OF THE HIGH-EFFICIENCY CRYSTALLINE

SOLAR CELL RESEARCH FORUM

UNIVERSITY OF PENNSYLVANIA

M. Wolf
Session I: OVERVIEW
’ P. Landsberg Some Aspects of the Minority Carrier
Lifetime in Silicon.
C.T. Sah Review of Recombination Phenomena in High-
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Silicon Solar Cell Efficiency Improvement:
Status and Outlook.

Some Practical Considerations for Economical Back
Contact Formaticn on High-Efficiency Solar Cells.

High-Efficiency Cell Concepts on Low-Cost Silicon
Sheet.

Righ Lifetime Silicon Processing.
Silicon MINP Solar Cells.

SURFACE/INTERFACE EFFECTS

Atomic Structure of the Annealed Si (111) Surface.
Surface and Interface Characteristics.
Nitridation of Si0j for Surface Passivation.

Surface Passivation and Junction Formation Using
Low-Energy Hydrogen Implants.

Chemical Structure of Interfaces.
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Session IV: BULFK EFFECTS

E. Sirtl

C. Pierce

T. Tan

| G. Schwuttke
i J. Hanoka

A. Neugroschel

Structural Defects in Crystalline Silicon.

Oxygen and Carbon Impurities and Related Defects
in Silicon.

Current uUnderstanding of Point Defects and
Diffusion Processes in Silicon.

Defects in Web Dendrite Silicon Ribbon Crystals
and Their Influences on Minority Carrier Lifetime.

EBIC Characterization and Hydrogen Passivation in
Silicon Sheet.

Measurement of Electrical Parameters and Current
Components in the Bulk of Silicon Solar Cells.

Session V: MODELING
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Current Status of One and Two Dimensional Numer-
ical Models: Successes and Limitations.

Application of Closed-Form Solution Using Re-
cursion Relationship in Silicon Solar Cells.

P. enomena Simulation for Heavy Doping and Surface
Recombination Velocity.

Session VI: HIGH EFFICIENCY DEVICE PROCESSING

High-Efficiency Large-Area Polysilicon Solar
Cells. :

High-EBfficlency Solar Cell Processing.

Process and Design Considerations for High-
Efficiency Silicon Solar Cells.

Processing Technology for High-Efficiency Silicon
Solar Cells.

Texture Etching of (100) Silicon for Solar Cells.
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PLENARY SESSIONS

Questions Relating to the Attainment of
Higher-Efficiency Crystalline Silicon Solar Celis

WHAT ARE THE BEST EFFICIENCIES ATTAINED SO FAR?
HOW WERE THESE CELLS DESIGNED AND FABRICATED?
WHAT IS THE NEXT IMPROVEMENT STEP?
HOW CAN IT BE ACHIEVED?
WHAT IS TdE REALISTICALLY EXPECTABLE “"ULTIMATE"™ EFFICIENCY?
WHAT IS NEEDED TO GET BEYOND THE NEXT STEP?

A. Reduced recombination

B. Other design parameters

C. Is heavy doping needed?

D. Auger recombination as limiter.
HOW CAN RECOMBINATION BE REDUCED?

A. Bulk recombination
B. Surface recombination.

DO WE UNDERSTAND THE DEVICE PHYSICS ADEQUATELY?

A. Band-Gap narrowing

B. Auger recombination

C. High level injection

D. 2- and 3- dimensional interactions.
DO WEB UNDERSTAND THE ORIGINS OF RECOMBINATION CENTERS?
HOW CAN ONE PROCESS TO ACHIEVE REDUCED RECOMBINATION?
ARE OTHER NEEDED TOOLS ADEQUATE?

A. Modeling
B. Analysis

WHAT ARE THE INHERENT PERFORMANCE LIMITATIONS
IN "LOW COST" CRYSTALLINE SI?
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PLENARY SESSIONS

The Recent Approach

a. THOUROUGH DEVICE ANALYSIS COUPLED WITH MODELING:

TO DETERMINE ALL LOSS CONTRIBUTIONS

TO IDENTIFY PCSSIBILITIES FOR IMPROVED DEVICE DESIGN.

b. GLOBAL DESIGN VIEW OF DEVICE:

® OPTIMIZED CONT:{T DESIGN
[ DUAL AR OR TEXTUREZED FRONT SURFACE
e FRONT SURFACE PASSIVATION (AT LEAST PARTIAL)
o BSF AND/OR BSR DESIGN (LIMITED EFFECT)
® SELECTION OF LOW RESISTIVITY FZ Si
o PROCESSING TO MAINTAIN HIGHER FRACTION OF ORIGINAL
o OPTIMIZATION OF EMITTER IMPURITY CONCENTRATION FOR
PRESENT DESIGN
IN SUMMARY:

SQUEEZE A LITTLE HMORE PERFORMANCE OUT,

WHEREVER CURRENT TECHNOLOGY PERMITS.
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PLENARY SESSIONS

Status of Solar-Cell Technology

eTECHNOLOGY 1s AVAILABLE T0 REDUCE THE CONTRIBUTION OF EACH
SECONDARY LO0SS MECHANISM (REFLECTION, CONTACT SHADING, SERIES
PESISTANCE. ETC.) TO THE MAXIMALLY 2-3% {EVEL,

@ INTERNAL COLLECTION EFFICIENCY 15 GENERALLY >90%: “SATURATES” WITH
FURTHER REDUCED RECOMBINATION,

@0OPEN CIRCUIT VOLTAGE conTiNues To suBsTANTIALLY [NCREASE wiTH

NECREASING MiNorITY CARRIER RECOMBINATION. up 7O BASIC RECOMBINATION
LIMIT (RADIATIVE AND AUGER),

O CURVE FACTOR (runpamenTaL PART OF FILL FACTOR) cAN INCREASE (with v,0)
By A FEW PERCENT,

HIGH EFFICIENCY REQUIRES

A GLOBAL VIEW ofF trHe DEVICE. so thaT
ALL TECHNOLOGY-DETERMINED LOSSES
wiLL BEcoMe L O W,

1F ONE LOSS MecHanism DOMINATES —> NOT OPTIMIZED
—> REDUCE IT

The Next Step

BACH OF THE GROUPS ACTIVE IN EFFICIENCY INPROVEMENT FEELS THAT THERY HAVE:

a. NOT EXHAUSTED THE PRESENT APPROACH

b. IDENTIFIRD POSSIBILITIRS FOR FURTHER OPTIMITATION IN THEIR PARTICULAR
DBSIGNS.

¢. REASON TO BE CONFIDET OF REACHING 20% (AM 1.5) EFFICIENCY SOON.
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Schematic View of the Solar Cell That Has Everything

Photon Flux ¥ ¢ ¢ ¢ + ¢ ¥ ¢ ¢
Contact Grid Structure
Isolating Layer

7 Textured Surface
__—~AR Coating

A _—Passivating Layer
ARAR A AR //’-/f,f——Potentiol Step
‘ 7 m#~———Main Potential Barrier
"'r—" 7z
The B 2777777777 A" p Potential Step
e Basic ; Optical Reflector
Solar Cell /;///
I i o Passivating Layer
WAl Isolating Layer

Reduced Contact
Area

Is Heavy Doping Needed?

ITS PERFORMANCE-INCREASING APPLICATIONS:

® REDUCE SHEET RESISTANCE

[ ] OBTAIN LARGER HIGH/LOW JUNCTION POTENTIAL STEP, OR HIGHER DRIPY

FIELD.

ITS PERFORMANCE DECREASING ATTRIBUTES:

®  AUGER RECOMBINATION
®  BAND-GAP NARROWING.
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PLENARY SESSIONS

The Three Principal Paths to Reduced Recombination

DECREASE
1. DENSITY oF RECOMBINATION CENTERS
® IN BULK Ne  [en™3] —» HIGHER 1

® AT SURFACES N, [cm 2] —b> LOWER s

2. VOLUME oR AREA CONTAINING RECOMBINATION CENTERS:
® "THIN" LAYERS
® "DOT CONTACTS"

3. DENSITY ofF EXCESS MINORITY CARRIERS

® FAST REMOVAL TO OUTSIDE
@ "SHIELDING" WITH POTENTIAL STEPS FOR Ncoyy
© "ISOLATING” FROM HIGHER RECOMBINATION RATE FOR Voo

® H1GH DOPANT CONCENTRATION

Shielding With Potential Steps

GENERALLY REDUCES TRANSPORT VELOCITIES (FOR RECOMBINATION CURRENTS)

o - q8 (Ep-Ey, o)
BY: il - ;57;;T1 (FOR p-TYPE)

Jp(x)) = anplxpluy(x,,

P, (%)
- qnp(xl) E‘;L(q’- \12()(2)

DRIFT FIELD REGIONS

HIGH/LOW JUNCTIONS

ACCUMULATEON LAYERS (USUALLY UNDER INSULATORS. INCLUDING “TUNNEL CONTACTS"),
“FLOATING” PP JUNCTIONS (OR INVERSION LAYERS),

BANDGAP CHANGES (USUALLY 8Eg WITH HIGH/LOW JUNCTION. “WINDOW LAYER"),

LIMITS: !
INCREASED DOPING AT “LOW” SIDE REDUCES AVAILABLE STEP HEIGHT,
“MEAVY DOPING” EFFECTS ON “MIGH SIDE” LIMIT USEFUL STEP HEIGHT,
ABSORPTION W/0 COLLECTION IN "WINDOW LAYERS,”

INTERFACE STATES AT TRANSITION TO “WINDOW LAYER,”
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PLENAPY SESSIONS

Isolating With Thick Layers

BRINCIPLE
| |
L
bactive ], . L HIGH »
' voLume | )
| i |
N et
ISOLATING LAYER
dz2 1L
LIMITS: ® ADEQUATELY HIGH L/,

® AFFECTS COLLECTION EFFICIENCY,
IF IN IPTICAL PATH.

Effective Bulk Recombination Mechanisms

INTRINSIC (INTERBAND) RECOMBINATION:

RADIATIVE ! ULTIMATELY
LINITS
AUGER? EPPICIENCY

EXTRIRSIC (BAND-TO-BOUND SYATE) RECOMBINATION:

THERMAL (PHONON ASSISTRD) SpH
{AUGER?)

EXTRINSIC RRCOMBIMATION CAN BE DECRRASED BY REDUCING THE NUNBER OF BOOUND
STATRS (RECOMBINATION CENTERS, °DEPECTS®).
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QUALITY
Knowledge of Defects
ARE SOME DEPECTS "INTRINSIC"?
(NEUTRAL DEFECT WITH ACTIVATION ENERGY B, AT PROCESS TEMPERATURE “FROLEN IN.®
1ONIZED PRACTION AT DEVICE OPERATION TEMPERATURE FORMS RECOMBINATION CENTER,
PARTICULARLY IN N-TYPE).
TRUELY EXTRINSIC (PROCESS-INDUCED) OEFECTS
® JIMPURITIES (O, C, Au, Ti, Mo, Pe, ... )
- BIG PROGRESS MADE IN DETECTING PRESENCF, DETERMINING CONCENTRATION.
OPEN QUESTION OPTEN 1S: INTERSTITIAL, SUBSTITUTIONAL, COMPLEXED, OR
PRECIPATED?
- 0: PRIMARY SOURCE: CRUCIBLE IN Cz PROCESS. TECHNIQUES KNOWN TO REDUCE
O-CONTENT TO 0.1 OF STANDARD LARGE-CRUCIBLE Cz PROCESS.
O-CONTENT INCREASES WITH C- OR B-CONTENT. .
@ CRYSTAL GROWTH DEPECTS. !
- 381G PROGRESS MADE IN DETECTION, IDENTIPYING CRYSTAL GROWTH DEFECTS.
- STRONGLY CONNECTED WITH THE CRYSTAL GROWTH TECHNOLOGY APPLIED;
TECHNOLOGY APPLIED SEEMS PRIMARILY DETERMINED BY THROUGTHPUT, PRICE,
AND WHAT THE MAJORITY OF "“SERS ARE WILLING TO ACCEPT.
Reduce Volume Recombination Center Density
® ORIGINAL MATERIAL PROCESSING: '
- FEWER IMPURITIES
- ROLES OF OXYGEN, CARBOIN? }
- FEWER CRYSTAL DEFECTS (THERMAL ENVIRONMENT IN X-1AL GROWTH?) L
-~ ROLES OF DEFECT COMPLEXES &
® DEVICE PROCESSING:
= NO NEW IMPURITY INTRODUCTION :
- REMOVE EXISTING DEFECTS (GETTERING)
~ AVOID TRANSFORMATION OF DEFECTS TO RECOMBINATION CENTERS
(EFFECTS OF THERM. L PROCESSES?) ~
~ FOSTER TRANSFORMATION OF RECOMBINATION CENTERS TC HARMLESS
DEFECTS (PASSIVATION: C/ANGES OF UOMPLEXES?: ROLE OF HYDROGEN?)
i
}
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[ §



PLENARY SESSIONS

Steps toward Reduced Number of Recombination Centers

1.

IORNTIFY °DEFBCT(S)" WRICH
FORM RECONBIBRATION CENTER(S)

IDENTIFY SOURCE(S) OF DRFECT(S)

PIND WAYS FOR ELIMINATING

BROAD RANGE OF DEFECTS AND OF ENRRGY
LEVRLS IDENTIFIRD

-  INTERCOMNRCTION AND RELMTIONSHIP TO
RETONBINATION CENTRR, MWADE IN ONLY

A FEW CASES.

OSOALLY NOT KNOWN.

STILL MOSTLY ®"BLACK ART.®

SOURCE(S) OF DRFECT(S)

PASSIVATE EXISTING DRPECTS

b.
c’

e T e

LITTLE KNOWN. 1S H* THR BROAD

1

SPECTRUN ANTIBIOT.C*?

Swanson’s Prescription for Processing
for Reduced Recombination

NEVER USE NETAL TWEEZIERS ON WAFERS

ALMAYS PERFORN RCA CLEARING BLZORE NI1GR TENPRRATURR PR.URSS STRPS.
PROCESS IN A CLASS 100 CLEAN AREA

PERIODICALLY CLEAN FURNACE TOUBES WITE RCl.

Passivation With Hydrogen

[ IT CAN NEOTRALIZE RECOMEINATION CENTERS, APPARENTLY SVEN

DEEP IN THE BULK, PARTICULARLY AT GRAIN PODNDARIRS.

[} HYDROGEN IMPLANTS PASSIVATE DANGLING BONDS, WHEREVER

HYDROGEM IONS REACH THEM.

[} HYDROGEN IMPLANTS MAY POSSIBLY ALSO PASSIVATE DEEP LEVELS

(INPURITIRS) in S81.

[} THR "’ .LANTATION® OPF NYDROGEN IONS, EVEN AT LOW ENERGIES

CAUSES SPUTTER ETCAING, LAT:ICE DAMAGE (200 A DERP AT
400ev).

® K7DROGEN CAUSES NORR LATTICE DAMAGE THAN ARGON, EVEN

ANORPEIEZX® SURFACE LAYER, BUT PFRWEF DANGLING BONDS
("PAZSIVATZS ITS OWM DAMAGE®)

[ WHETARER PASSIVATION DOMIMNATES OVER INTRODUCED DAMAGE DEPENDS

O INPLANTATION ENKRGY, PRIOR PROCRSS NISTORY.

] AYDROGEN IS ALSO KNOWN TO NEUTRALIZE B AS AN ACCEPTOR.
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=

P Reducing Surface Defects

= 1 I. OXIDATION

! o MOST MIGH EFPICIENCY CELLS NOW USE SOME PORX OP OXYDE PASSIVATION.

. ¢ REMAINING SURZACE RECONBINATION VELOCITY IS PUNCTION OF PREPARATION

) PROCEDURR FOR FORMING OXIDE LAYER.

i e DRY TRERMAL OXI1DE FPOLLOWED BY LOW TKMPERATURE HYDROGENATION CAN YIRLD
M1.-GAP STATE DENSITIES NEAR 1.1010/(Cn2 ev), BUT .. iDATION POLLOWED sY
E;e ’ AN INERT ATMOSPHERE ANNEAL CAN YIELD 1.10%/(CM2 ev), t.e = 2 - 5 cm/s IN
RIGE LEVEL INECTION.
i ® NITRIDING OXIDE LAYERS MAY IMPORVE STABILITY, RADIATION RESISTANCE OF
' PASSIVATION LAYERS.

L
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o Second Layer

Pdt I’lﬂj or

/\)\ LDimer NModel
S cond layer

e

o« Top Layer
d 2x1
Reconstruction
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PLENARY SESSIONS
Modeling
[ ] THE “MODELERS® CAN ONLY INCOKRPORATE THE PHYSICS AS PRESENTLY
UNDERSTOOD.
[] DIFFUSION PROFILES CAN BE “ANOMALOUS,"™ DEPEND ON MATERIAL
PERFECTION.
[ ] THE ACHIEVEMENT OF THE ULTIMATE EFFICIENCIES WILL REQUIRE
THE DFVIAILED SIMULATION OF ALL EFFECTS. THIS NEEDS 2- AND
3-'IMENSIONAL CAPABILITIES.
[ ] +UCH SIHMULATION CANNOT BE ANALYTICAL, BUT MAY, FOR SPEED AND
C T-SAVINGS, BE QUASI-NUMERICA..
ANALYSIS
[ ] MATEIIAL ANALYSIS HAS REACHED IMPRESSIVE CAPABILITIES.
[ ) IN DEVICE ANALYSIS, THE SEPARATION OF BASE AND EMITTER
CONTRIBUTIONS TO SATURATION CURRENT IS STILL TENUOUS,
OFTEN LEADING TO CONFLICTING RESULTS.
[ PROGRESS IS BEING MADE IN DEVELOPING METHODS TO PERMIT

DETERMINATIGN OF RECOMBINATION RATES IN DIPFERENT PARTS

OF THE DEVICE, BUT FURTHER ADVANCES ARE NEEDED.

) b ™)

svrlace
region
ves o

v toil- ]

| region \‘ .
\
.

= 3
(a) Schematic draving of tha kink-tail structure of P profile,

vhich, byporhetically, may be obtained by adding (b) profi’re of phy-
sically distinguishsble A snd B atoms diffusing independen. .y.
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PLENARY SESSIONS

Low-Cast Crystalline Si Is Primarily:

® ®CAST" INGOT MATERIAL (SEMIX, SILSO, HEM, etc.)
® NOT-SINGLE CRYSTALLINE RIBBON (BFG, LASS, etc.)

[l
FFORTS TO INCREASE GRAIN SIZE, REDUCE DEPBCTS,l

PASSIVATE REMAINING ONES, ALL SHOW PROGRESS.

BUT: IT SEEMS IMPOSSIELE TO COMPLETELY [ (SSIVATE
ALL THE DEFECTS ASSOCIATED WITH GRAIN BOUNDARIES

ALSO: FASTZR, LESS CONTRULLEL GROWTH MAY ALWAYS RESULT
IN INCREASED NUMBERS OF IMPURITIES, CRYSTAL DEFECTS.

CONSEQUENTLY: THE GLTIMATELY ACHIEVABLE PERFORMANCE MARGIN
PELATIVE TO THAT OF SINGLE CRYSTAL DEVICES IS
NOT KNOWN.

[} WEB-DENDRITE RIBBON IS IN A CLASS BY ITSELF.
MAY HAVE POSSIBILITY, WITH INTERNAL GETTERING AT TWIN
PLARES, TO SURPASS THE QUALITY OF SINGLE CRYSTAL WAFERS.

IN ALL METHODS, THE CONTROL OF THE THERMAL ENVIRONMENT
DURING AND SHORTLY AFTER GROWTH APPEARS IMPCRTANT.
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PLENARY SESSIONS

Final Discussion

FOR HIGHER EFPICIENCIES (AT LEAST > 20%), BETTER SINGLE
CRYSTAL Si IS NEEDED.

IT SHOULD BER POSSIBLE TO BRING Cz Si TO THE SAME LOW-
RECOMBINATION LEVEL AS Py Si.

HOW CAN DEVICES BE FABRICATED FROM THIS Si WITHOUT GREATLY
INCREASING THE RRCOMBINATION CENTER DENSITY?

ARE SPECIAL Si QUALITIES NERDED TO PERMIT SUCH PROCESSING?
HCW CAN THE PROGRESS MADE IN MATERIAL SCICNCE BE TRANSLATED
INTO BETTER PROCRSSING METHODS?

IF SOLAR CELL FABRICATORS WOULD SPECIFY THE QUALITY OF Si
THRY MEED, WOULD Si MANUFACTURERS DELIVER TO THESE SPEBCIFI-

CATIONS?
DO SOLAR CELL FABRICATORS KNOW WHAT SPECIFICATIONS TO WRITE?
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